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Gut-associated lymphoid tissue (GALT) harbors the majority of T lymphocytes in the body and is an
important target for human immunodeficiency virus type 1 (HIV-1). We analyzed longitudinal jejunal biopsy
samples from HIV-1-infected patients, during both primary and chronic stages of HIV-1 infection, prior to and
following the initiation of highly active antiretroviral therapy (HAART) to determine the onset of CD4* T-cell
depletion and the effect of HAART on the restoration of CD4™ T cells in GALT. Severe depletion of intestinal
CD4" T cells occurred during primary HIV-1 infection. Our results showed that the restoration of intestinal
CD4* T cells following HAART in chronically HIV-1-infected patients was substantially delayed and incom-
plete. In contrast, initiation of HAART during early stages of infection resulted in near-complete restoration
of intestinal CD4™ T cells, despite the delay in comparison to peripheral blood CD4* T-cell recovery. DNA
microarray analysis of gene expression profiles and flow-cytometric analysis of lymphocyte homing and cell
proliferation markers demonstrated that cell trafficking to GALT and not local proliferation contributed to
CD4™ T-cell restoration. Evaluation of jejunal biopsy samples from long-term HIV-1-infected nonprogressors
showed maintenance of normal CD4* T-cell levels in both GALT and peripheral blood. Our results demon-
strate that near-complete restoration of mucosal immune system can be achieved by initiating HAART early
in HIV-1 infection. Monitoring of the restoration and/or maintenance of CD4™ T cells in GALT provides a more

accurate assessment of the efficacy of antiviral host immune responses as well as HAART.

The efficacy of highly active antiretroviral therapy (HAART) in
the treatment of human immunodeficiency virus type 1
(HIV-1) infection is measured by viral suppression and in-
creased CD4™" T-cell numbers in peripheral blood (3, 8). How-
ever, T lymphocytes in peripheral blood represent only 2 to 5%
of the total lymphocytes in the body, while the majority of the
lymphocytes are sequestered in lymphoid tissues. Because
pathological processes occurring in lymphoid organs during
HIV-1 infection may strongly influence disease progression,
examination of lymphoid tissues will be important to gain a
better understanding of the efficacy of HAART (2, 5).

Gut-associated lymphoid tissue (GALT) harbors the vast
majority of lymphoid tissue in the body and has been shown to
be a persistent viral reservoir as well as an important site for
host-pathogen interactions in HIV-1 infection (4, 7, 14). Since
intestinal biopsy samples from patients can be obtained repeat-
edly, GALT can serve as an accessible source of mucosal lym-
phoid tissue to examine the direct effects of HAART on the
kinetics of CD4" T-cell homeostasis and suppression of viral
loads. Studies of simian immunodeficiency virus (SIV)-infected
rhesus macaque models have demonstrated that severe CD4™
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T-cell depletion in GALT and intestinal dysfunction occur
during primary SIV infection (6, 10, 20, 22, 23). Moreover,
clinically asymptomatic HIV-infected patients consistently
show a more pronounced depletion of CD4™ T cells in intes-
tinal mucosa than in peripheral blood (19). Information on the
timing of the onset of intestinal CD4 " T-cell depletion and/or
disruption in T-cell homeostasis as well as the pathogenic
mechanisms in HIV infection is not available.

Long-term HIV-1-infected nonprogressors (LTNPs) gener-
ate antiviral immune responses that are effective in suppressing
viral replication. These patients maintain normal levels of
CD4™" T cells and suppress viral loads to undetectable levels in
peripheral blood, thus maintaining the integrity of the immune
system. In contrast, HIV-1-infected patients who fail to de-
velop strong antiviral immune responses that are capable of
controlling viral replication show high viral loads and progres-
sive decline of CD4" T cells in peripheral blood. It is not
known if efficient antiviral host immune responses in LTNPs
maintain the levels of CD4" T cells in the intestinal mucosa.

Individuals who received HAART during primary HIV-1
infection consistently developed strong HIV-1 Gag-specific
CD4" and CD8™" T-cell responses as well as rapid increases in
CD4" T-cell numbers in peripheral blood (16-18). However, it
has not been fully determined whether initiation of HAART
early in HIV-1 infection would be more beneficial than starting
therapy after CD4" T-cell numbers in peripheral blood have
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declined below 300 cells/mm?®. It has been suggested that
HAART should not be initiated in early HIV-1 infection in
order to prevent the emergence of drug-resistant viral variants
and to allow the immune system to generate strong and diverse
antiviral cellular and immune responses capable of suppressing
viremia. Thus, examination of lymphoid tissues, in addition to
peripheral blood, will be important to better evaluate the effect
of the initiation of HAART during early or later stages of viral
infection on CD4™" T-cell restoration and viral suppression in
GALT of HIV-1-infected patients.

In order to gain insights into the kinetics of CD4" T-cell
depletion and restoration in GALT during HIV-1 infection,
longitudinal jejunal biopsy samples and peripheral blood sam-
ples of HIV-1-infected patients were analyzed, during both
primary and chronic stages of infection, prior to and following
the initiation of HAART. Our results showed that the onset of
severe CD4™" T-cell depletion in GALT occurred during pri-
mary HIV-1 infection. Increased cell proliferation, presumably
in response to viral infection, was also observed in GALT
during early stages of HIV-1 infection. The loss of proliferating
cells by either activation-induced cell death (AICD) or direct
viral infection may account for the severe depletion of intesti-
nal CD4" T cells during primary HIV-1 infection. Incomplete
and substantially delayed restoration of intestinal CD4" T
cells, despite a near-complete suppression of viral loads and
the rebound of CD4™ T cells in peripheral blood, was observed
when HAART was initiated during chronic HIV-1 infection.
However, early intervention with HAART resulted in near-
complete restoration of CD4™ T cells in GALT, despite the
delay. Restoration of intestinal CD4" T cells following
HAART was attributed to trafficking and not to local prolif-
eration, as demonstrated by increased expression of cell traf-
ficking mediators and decreased expression of genes associated
with cell cycle progression and proliferation. The impairment
of cell proliferation and increased trafficking in GALT during
HIV-1 infection may strongly influence the rate and extent of
CD4™" T-cell restoration during HAART and may be funda-
mental to HIV pathogenesis.

MATERIALS AND METHODS

Human subjects, antiretroviral therapy, and sample collection. Jejunal biopsy
samples and peripheral blood samples were obtained from 11 HAART-naive,
HIV-1-seropositive individuals (two females and nine males) with CD4" T-cell
numbers of <300/mm?® and six HIV-1-seronegative healthy individuals (four
females and two males). Additionally, samples were obtained from two individ-
uals during primary HIV-1 infection and three HIV-1-infected LTNPs who had
never received antiviral therapy. Samples were also obtained from one HIV-1-
infected patient who had been receiving HAART for 5 years. Antiviral therapy
consisted of combinations of two reverse transcriptase inhibitors and one pro-
tease inhibitor (see Table 2). Absolute CD4" T-cell numbers were obtained from
complete blood counts from whole-blood samples. HIV-1 viral loads were de-
termined by a bDNA assay (Bayer Diagnostics, Emeryville, Calif.). Studies were
performed under an Institutional Review Board-approved protocol.

Isolation of intestinal lymphocytes. Jejunal biopsy samples were collected by
upper gastrointestinal endoscopy from patients under moderate sedation. Sam-
ples were processed by using collagenase digestion to isolate intestinal lympho-
cyte populations according to previously published procedures (10, 20). Briefly,
jejunal biopsy samples were placed in lymphocyte isolation medium containing
RPMI 1640 (Invitrogen/Gibco BRL, Grand Island, N.Y.), 5% fetal calf serum
(Gibco BRL), 100 U of penicillin (Gibco BRL) per ml, 100 U of streptomycin
(Gibco BRL) per ml, and 100 U of collagenase type II (Sigma Chemical Co., St.
Louis, Mo.) per 100 ml and subjected to rapid shaking at 37°C for 30 min. Cell
suspensions were centrifuged over a 35%:60% (vol/vol) isotonic discontinuous
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Percoll (Sigma) density gradient for lymphocyte enrichment. Cell viability
(>95%) was determined by trypan blue exclusion.

Antibodies. The following monoclonal antibodies were used in this study:
fluorescein isothiocyanate (FITC)- and phycoerythrin (PE)-conjugated CD3,
CD4-PE, and integrin B,-PE (clone FIB504) (Pharmingen, San Diego, Calif.);
CD4-TC and CDS8-APC (Caltag Laboratories, South San Francisco, Calif.); and
Ki67-FITC, MIB-1 clone (Coulter Immunotech, Miami, Fla.). The isotype con-
trols included FITC-conjugated immunoglobulin G1 (IgG1), IgG1-PE, IgG1-Tri
Color (TC), and IgGl-allophycocyanin (APC) antibodies (Becton Dickinson,
Mountain View, Calif., and Caltag).

Flow-cytometric analysis of isolated lymphocytes. Inmunophenotypic analysis
of T lymphocytes was performed as previously described (10, 20). Briefly, iso-
lated cells were incubated with mouse anti-human monoclonal antibodies for 30
min at 4°C. After incubation, cells were washed and fixed with 1% paraformal-
dehyde. Isotype-matched IgG1 antibodies were used as negative controls. For
flow-cytometric detection of Ki67, cells were stained for cell surface markers,
fixed, permeabilized, and stained with FITC-conjugated anti-human Ki67. Neg-
ative control samples were stained with matched isotype control monoclonal
antibodies. Sample data were acquired on a FACSCalibur (Becton Dickinson). A
minimum of 100,000 total events was collected for each sample, and data were
analyzed with CellQuest software (Becton Dickinson) and Flow Jo (Tree Star
Inc., San Carlos, Calif.).

Microarray analysis. Total RNA was isolated from jejunal biopsy samples
using RNeasy kit (Qiagen, Valencia, Calif.). Fifteen micrograms of RNA was
used to synthesize cDNA, which was then amplified by in vitro transcription to
c¢RNA according to recommended protocols (Affymetrix, Santa Clara, Calif.).
The cRNA was fragmented, and 15 pg was used to hybridize to a HuGene
U95-AV2 oligonucleotide microarray (Affymetrix). Arrays were scanned by a
laser scanner (Agilent Technologies, Palo Alto, Calif.). Microarray suite 4.0
(Affymetrix) and DNA-Chip Analyzer (dChip) version 1.1 (Harvard University)
were used for data analysis. Comparative analysis was performed with samples
obtained from HIV-1l-infected patients before and after the initiation of
HAART. Gene expression profiles were also determined for jejunal biopsy
samples from five uninfected healthy individuals for comparative analysis.

Immunohistochemistry. CD4" T cells were detected in jejunal tissue sections
by immunohistochemistry with anti-CD4 antibody (Nova Castra Laboratories,
Newcastle, England). Biopsy samples were fixed in Strecks tissue fixative (Streck
Laboratories, Omaha, Nebr.). Slides were counterstained lightly with hematox-
ylin, and coverslips were mounted with Permount (Fisher Scientific, Fair Lawn,
N.J.).

RESULTS

Patient characteristics. Jejunal biopsy and peripheral blood
samples from HAART-naive HIV-1-infected men (n = 13)
and women (n = 3) were collected to compare the effects of
HIV-1 infection on intestinal and peripheral T-cell depletion
(Table 1). Two of the individuals had primary HIV-1 infection.
Another three individuals were clinically identified as LTNPs.
Additionally, samples from healthy HIV-1-seronegative men
(n = 2) and women (n = 4) were included as negative controls.

Most HAART-naive HIV-1-infected individuals had abso-
lute CD4" T-cell counts below 300 cells/mm?> (Table 1) except
for patient 102 (762 cells/mm?). All LTNPs, as well as patients
134 and 116, had absolute CD4™" T-cell numbers in peripheral
blood within the normal range. Patients 134 and 116 had been
recently exposed to HIV-1 (4 and 6 weeks, respectively), which
may explain the relatively normal absolute CD4™ T-cell num-
bers in the peripheral blood of these individuals. Plasma viral
loads ranged from 970 to >5 X 10° RNA copies/ml, as deter-
mined by a bDNA assay (Table 1).

Severe depletion of CD4* T-cell subsets and CD8* T lym-
phocytosis in GALT occurs during primary HIV-1 infection.
To determine alterations in T-cell homeostasis during primary
HIV-1 infection, jejunal biopsy samples and peripheral blood
samples were obtained from two individuals who had recently
been exposed to HIV-1. Four weeks following a suspected
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TABLE 1. Patient characteristics” high-risk HIV-1 exposure, a significant decline in CD4" and
Dt o ” CD4"CD8" T-cell percentages was observed in GALT of pa-
Status Patient Gender (/;;o’:) diaglfg:e & 'dgjgg:tse aslglazhzlrab tient 134 (27 and 7%, respectively) (Fig. 1A). Samples were
(cells/mm?) (copies/ml)* obtained from another individual, patient 116, at 6 weeks fol-
HIV-1 positive 115 M 27 7mo 248 970 lowing a suspected high-risk HIV-1 exposure (Fig. 1A). Patient
HAART-naive. 124 M 43  8mo 204 452,717 116 also demonstrated severe depletion of CD4" and CD4™"
120 M 37 lyr 8 >500,000 CD8™" T-cell percentages (8 and 2%, respectively). Both pa-
ﬁé g’[ 4312 1<Y2r 42 >§gg’ggg tients had relatively normal levels of CD4* T cells in periph-
104 M 46 2 5}{: 216 4130 eral blood (Fig. 1A). These results clearly demonstrated that
102 M 49 <3yr 762 8,221 the onset of severe CD4 " T-cell depletion in GALT occurred
101 F 30 35yr 161 2,708 during primary HIV-1 infection.
106 F 37 35y 289 73,774 Increased CD4™* T-cell proliferation in GALT in response to
111 M 50 10.5 yr 219 200,810 . . . .
103 M 45 11Syr " 1253 primary HIV-1 infection. To examine whether there was an
expansion of intestinal CD4" T cells in response to primary
LTNP 126 M 43 S5yr 750 <50 HIV-1 infection, the expression of the nuclear antigen Ki67
122 M- 49 13.5yr 910 =30 (cell proliferation marker) was analyzed. It was of interest that
135 M 46  18yr 689 <50 . O
at 4 weeks following a suspected high-risk HIV-1 exposure,
HIV-1 negative 114 M 22 NA 1,346 NA more than 80% of the intestinal CD4" T lymphocytes in pa-
controls 117 M 24 NA 1,465 NA tient 134 expressed Ki67, indicating a selective expansion of
i;g E gz E: }’(Z)ig E//: intestinal CD4 " T cells early in infection (Fig. 1B). In contrast,
131 F 47 NA 632 NA less than 10% of intestinal CD4" T cells expressed Ki67 in
132 F 53 NA 1,203 NA GALT of healthy uninfected individuals (Fig. 1B) and two
) chronically HIV-1-infected patients (data not shown). Prolif-
Prlf‘r?fizyti(l){nw'l ﬁg ﬁ ig 2:;’t ggf = g?’ggg erating CD4* T cells may be more sensitive to HIV-1 infection
HIV-1 positive, 129 M 43 ldyr 300 =50 and AICD. The rapid loss of these cells may contribute to the
5 yr of HAART severe CD4™" T-cell depletion observed in GALT during pri-
“ Abbreviations: M, male; F, female; NA, not applicable. mary HIV-1 {nfe(.:tlon. . . . .
® Length of infection at the time of sample collection. LTNPs maintain normal levels of intestinal CD4™ T cells, in
¢ Pre-HAART values. contrast to HAART-naive chronically HIV-1-infected patients.
Jejunal biopsy samples and peripheral blood samples were
evaluated from 11 HAART-naive chronically HIV-1-infected
patients. These patients were known to have been HIV-1 se-
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FIG. 1. (A) Onset of severe depletion of CD4" T-cell subsets in GALT occurs in primary HIV-1 infection. Prevalence of CD4*, CD8", and
CD4"CD8" T-cell subsets in gut T lymphocytes and peripheral blood mononuclear cells (PBMC) of two HAART-naive individuals (patients 134
and 116) during primary HIV-1 infection was analyzed by flow cytometry and compared with that in uninfected healthy controls. (B) Increased
proliferation of intestinal CD4" T cells in response to primary HIV-1 infection. Flow-cytometric analysis was performed to determine Ki67
expression in CD4™ T cells in peripheral blood and gut T lymphocytes 4 weeks after a suspected high-risk exposure to HIV-1 infection (patient
134), in comparison to a healthy uninfected control.
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FIG. 2. Alterations in CD4" and CD8" T-cell subsets in GALT of HIV-1-infected individuals with diverse clinical outcomes. Flow-cytometric
analysis was performed to determine changes in percentages of CD3-gated CD4", CD4*CD8", and CD8" T cells in gut T lymphocytes and
peripheral blood mononuclear cells (PBMC) from HAART-naive chronically HIV-1-infected individuals (n = 11), LTNPs (n = 3), and uninfected
healthy controls (n = 6). Absolute CD4™ T-cell numbers, viral loads, and length of infection at the time of sample collection are presented in Table 1.

ropositive for 7 months to 11.5 years. Our results showed that
the level of depletion of CD4* and CD4*CD8™ T-cell subsets
in these patients was more pronounced in GALT than in pe-
ripheral blood, compared to uninfected healthy controls (Fig.
2A and B). The percentage of CD8" T cells, in both GALT
and peripheral blood, in all HAART-naive HIV-1-infected
individuals was increased, and this may be attributed to a
homeostatic response to compensate for the loss of CD4* T
cells (Fig. 2C).

Alterations in T-cell subsets were examined in jejunal biopsy
samples and peripheral blood samples from three HAART-
naive LTNPs (patients 126, 122, and 135) and compared to
those in HAART-naive chronically HIV infected patients and
healthy uninfected controls. All LTNPs had undetectable
plasma viral loads and CD4" T-cell numbers in peripheral
blood that were comparable to those in healthy uninfected
controls, despite the fact that the patients had been seroposi-
tive for several years (Table 1). Intriguingly, the percentages of
intestinal CD4™ T cells in these patients were slightly higher
(patient 126, 57%; patient 122, 56%; and patient 135, 57%)
than those in uninfected healthy controls (Fig. 2A). However,
the CD4"CD8™" T-cell subsets were slightly depleted (patient
126, 9%; patient 122, 7%; and patient 135, 6%) compared to
those in uninfected controls (Fig. 2B). The CD8™ T-cell per-
centages in LTNPs were within the normal range in both pe-
ripheral blood and GALT (Fig. 2C). Taken together, these

data suggested that preservation of intestinal CD4™ T cells in
HIV-1-infected individuals might correlate with a better clin-
ical outcome. The maintenance of high levels of CD4™ T cells
in GALT may be reflective of the strong antiviral immune
responses that provide effective control of viral infection in
LTNPs.

Delayed and incomplete restoration of intestinal CD4* and
CD4*CD8* T-cell subsets in chronically HIV-1-infected pa-
tients receiving HAART. To compare the efficacy of HAART
on the restoration of CD4" T cells in GALT and peripheral
blood, longitudinal jejunal biopsy samples and peripheral
blood samples from chronically HIV-1-infected patients (pa-
tients 120, 123, 104, and 101) were collected prior to and
following the initiation of HAART (Table 2). All patients
displayed suppression of viral loads and a gradual increase in
CD4" T-cell numbers in peripheral blood following the initi-
ation of HAART (Fig. 3A).

Our results showed incomplete and significantly delayed res-
toration of intestinal CD4" T cells among all patients, even
after 2 years of HAART (patient 120, 1 to 16%; patient 123, 2
to 12%; patient 104, 8 to 13%; patient 101, 3 to 22%) com-
pared to peripheral blood (Fig. 3B). A similar pattern was
observed for the CD4"CD8™ T-cell subset (Fig. 3B). However,
the elevated CD8™" T-cell percentages observed in GALT prior
to therapy were slightly reduced following HAART but re-
mained elevated compared to percentages in HIV-negative
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TABLE 2. Viral loads and absolute CD4" T-cell counts in
longitudinal peripheral blood samples of HIV-1-infected patients
receiving antiviral therapy

Pati - CD4*
atient Time post- absolute 'Plasma ) )
and HAART counts v1ral_ loads  Antiretroviral therapy”
sample no. (mo) (cells/mm®) (copies/ml)
120
1 0 8" >500,000”
2 3 97 347  Trizivir, RTV, APV
3 6 97 50
4 12 190 50
123
1 0 46" >500,000”
2 2 233 6,682 Trizivir, RTV, APV
3 6 250 50
4 12 300 50
104
1 0 216° 4,130°
2 24 571 50 DA4T, 3TC, EFV
101
1 0 161° 2,708"
2 6 459 50 ABC, 3TC, EFV
3 24 658 50
116
1 0 881° 1,076"
2 4 840 50 ABC, 3TC, NFV
3 8 884 50
4 14 1,146 50

“ ABC, abacavir; AZT, zidovudine; 3TC, lamivudine; RTV, ritonavir; APV,
amprenavir; D4T, stavudine; EFV, efavirenz; NFV, nelfinavir.
> Pre-HAART value.

controls (Fig. 3B). Initiation of HAART during chronic infec-
tion did not effectively restore T-cell homeostasis in GALT of
HIV-1-infected individuals compared to that in peripheral
blood.

In order to evaluate the efficacy of long-term HAART on
the restoration of intestinal CD4™ T cells, jejunal biopsy and
peripheral blood samples were obtained from one HIV-1-in-
fected patient who had been receiving HAART for 5 years
(patient 129). Intestinal CD4" and CD4"CD8" T cells in
GALT of this individual were not fully restored (13 and 8%,
respectively), despite 5 years of antiviral therapy (Fig. 4A).
Immunohistochemical analysis of jejunal tissue biopsy samples
also demonstrated lack of intestinal CD4" T-cell restoration
compared to uninfected controls and LTNPs (Fig. 4B). Taken
together, these data showed that despite the restoration of
CD4™" T cells in peripheral blood, HAART did not result in
comparable levels of immune restoration in GALT of HIV-1-
infected individuals.

Initiation of HAART during primary HIV-1 infection is ef-
fective in restoring CD4* T-cell populations in GALT. To
determine whether initiation of HAART during primary
HIV-1 infection resulted in improved CD4™" T-cell restoration
in GALT, longitudinal jejunal biopsy and peripheral blood
samples from one recently HIV-1-infected individual (patient
116) were evaluated (Fig. 5A). Blood samples from this indi-
vidual were negative for HIV-1 RNA for over 6 years (1995 to
2001). On 12 April 2001, patient 116 had a potential exposure

J. VIROL.

to HIV-1 (Fig. 5A). Plasma samples collected on 25 May 2001
showed >500,000 copies of viral RNA. Thus, the time of viral
infection was presumed to be between 12 April and 25 May
2001.

At the time of diagnosis, patient 116 opted to immediately
initiate HAART. Jejunal biopsy and peripheral blood samples
were collected prior to the initiation of HAART and at 4, §,
and 14 months post-HAART (Table 2). Quantitative analysis
of plasma viral loads showed a decrease in viral burden from 25
May to 1 June 2001, prior to the initiation of HAART, sug-
gesting that the generation of innate antiviral immune re-
sponses during primary HIV-1 infection was leading to the
reduction in the viral loads (Fig. 5A). Initiation of HAART led
to the suppression of viral loads to undetectable levels and
increases in CD4" T-cell numbers in peripheral blood (Fig.
5A).

Patient 116 had peripheral blood CD4* T-cell numbers
within the normal range (881 cells/mm?), with severe CD4™"
T-cell depletion in GALT (8%) at the time of the initiation of
HAART. The restoration of intestinal CD4" T cells of patient
116 followed a pattern similar to that observed among chron-
ically HIV-1-infected patients receiving HAART. However,
patient 116 reached near-complete restoration of CD4™ T cells
in GALT after 14 months of HAART (Fig. 5B). This obser-
vation contrasted with the lack of complete restoration ob-
served in chronically HIV-1-infected patients who had been on
HAART for similar lengths of time but initiated therapy after
their peripheral CD4" T-cell numbers dropped below 300
cellssmm>. We propose that the early initiation of HAART
allowed near-complete restoration of CD4™" T-cell subsets in
GALT by decreasing the viral loads and supporting the resto-
ration of the mucosal immune system.

Cell trafficking but not local cell proliferation contributes to
CD4™* T-cell restoration in GALT of HIV-1-infected patients
receiving HAART. To determine the mechanisms (lymphocyte
trafficking or cell proliferation) contributing to the restoration
of CD4" T cells in GALT during HAART, CD4™" T cells from
longitudinal jejunal biopsy samples were analyzed the for the
expression of integrin ,, which plays an important role in
lymphocyte homing to the intestinal mucosa. Samples were
also analyzed for the expression of Ki67, a cell proliferation
marker. Our results showed a gradual increase in the density of
expression of integrin B, (expressed as mean fluorescent in-
tensity) in both peripheral and intestinal CD4 " T cells follow-
ing HAART (patients 116, 120, and 123), in comparison to
uninfected controls (Fig. 6). These data suggested that the
modest restoration of intestinal CD4™ T cells could be attrib-
uted to lymphocyte homing from the periphery. There was no
increase in Ki67-expressing CD4" T cells in the longitudinal
jejunal biopsy samples of HIV-1-infected patients receiving
HAART (data not shown). These results suggested that local
cell proliferation was not a mechanism that significantly con-
tributed to restoration of CD4" T cells in GALT during the
first year of HAART.

We hypothesized that changes observed at the cellular level
in GALT will be preceded by changes at the molecular level.
Therefore, oligonucleotide-based high-density microarray
analysis was performed to determine the alterations in the
expression of genes associated with lymphocyte trafficking in
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FIG. 3. Delayed and incomplete restoration of CD4" T-cell subsets in GALT compared to peripheral blood in chronically HIV-1-infected
patients receiving HAART. (A) Longitudinal analysis of viral loads and absolute CD4" T-cell numbers in peripheral blood of HIV-1-infected
patients (n = 4) prior to and following HAART. (B) Flow-cytometric analysis was performed to determine alterations in percentages of CD3-gated
CD4", CD8", and CD4"CD8™" T cells in longitudinal jejunal biopsy samples from HIV-1-infected patients prior to and following HAART.

GALT during HAART. Gene expression profiles were gener-
ated from longitudinal jejunal biopsy samples collected from
two chronically HIV-1-infected patients (patients 120 and
123), prior to and following HAART, and compared to gene
expression profiles from five healthy uninfected controls (Fig.
7). Increased expression of genes involved in cellular trafficking
(CXCL10, CXCL11, CCRY, and CCR7) was observed in both
patients following the initiation of HAART, in comparison to
uninfected controls (Fig. 7). CXCL10 and CXCL11 are known
to mediate T-cell migration, whereas CCR9 and CCR7 interact
with integrin o,B, (expressed on the surfaces of T cells) to
induce trafficking to GALT. Increased expression of the che-
moattractants RANTES and CCL19 as well as mucosal ad-
dressin cell adhesion molecule (MAdCAM) 1 (involved in T-
cell migration to intestinal epithelium) was also observed in
both patients following HAART. The increase in expression of

genes associated with cell trafficking supported our flow-cyto-
metric analysis demonstrating that lymphocyte homing plays
an important role in the restoration of intestinal CD4™" T cells
in GALT following HAART.

The expression of genes associated with cell cycle progres-
sion was also evaluated (Fig. 7). Our results showed increased
expression of the checkpoint suppressor CHK-1 and retino-
blastoma-1 as well as down regulation of cyclin D3 expression
in GALT of patients 120 and 123, suggesting a block in the
G,-to-S phase transition. HAART did not restore the expres-
sion of these genes to normal levels. Taken together, the in-
creased gene expression of cell trafficking-associated molecules
and the dysregulation of cell cycle mediators suggested that
increased lymphocyte homing from the periphery may be the
mechanism contributing to the restoration of intestinal CD4™
T cells following HAART.
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FIG. 4. Flow-cytometric and immunohistochemical analysis of CD4" T-cell depletion in GALT of HIV-1-infected individuals. (A) Represen-
tative dot plots of CD3-gated CD4" and CD8" T cells in peripheral blood and GALT; (B) immunohistochemical detection of CD4 " cells of an
HIV-negative healthy control, an LTNP, a HAART-naive chronically HIV-1-infected patient, and an HIV-1-infected patient who had received

HAART for 5 years.

DISCUSSION

This study is the first to demonstrate that the onset of severe
depletion of CD4" and CD4"CDS8* T-cell subsets, accompa-
nied by CD8" T lymphocytosis in GALT, occurs during pri-
mary HIV-1 infection. These alterations in intestinal T-cell
homeostasis were not reflected in peripheral blood. Chroni-
cally infected HAART-naive patients showed persistent CD4™*
T-cell depletion, indicating that the loss of CD4" T cells was
not reversed in the absence of therapy. Our previous studies
have shown that severe CD4" T-cell depletion occurred in
GALT of SIV-infected rhesus macaques during primary infec-
tion and that CD4™" T cells were not restored in the absence of
antiviral therapy (10, 20, 23). Depletion of CD4™ T cells in
GALT during primary HIV-1 infection may be attributed to
increased susceptibility to viral infection due to dual surface
expression of the HIV-1 coreceptors CCRS and CXCR4 on
human intestinal CD4"* T lymphocytes (12). The direct cyto-
pathic effect of viral infection, cell cycle dysregulation medi-
ated by viral antigens, cell-mediated cytopathic activity, and
AICD may be mechanisms contributing to the severe CD4"
T-cell depletion associated with HIV-1 infection (1, 13).

A high percentage of Ki67-expressing CD4™ T cells was
observed during primary HIV-1 infection, in contrast to unin-
fected controls, indicating an early expansion of CD4 " T cells

in GALT in response to viral infection. Proliferating CD4" T
cells may be more susceptible to HIV-1 infection and may
become the major contributors to the viral reservoir in the
tissue. In addition, these activated CD4" T cells may be also
more susceptible to AICD. Taken together, this may explain
the profound intestinal CD4" T-cell depletion in primary
HIV-1 infection. The CD4" T-cell depletion in GALT could
possibly impair effective immune responses against HIV-1 and
other opportunistic infections, thus contributing to HIV-1
pathogenesis.

Our results, for the first time, demonstrate that LTNPs
maintain normal levels of CD4" T cells in GALT. This finding
correlated with undetectable viral loads and normal CD4*
T-cell numbers in peripheral blood and healthy clinical status.
These LTNPs were HAART-naive and presumably had anti-
viral immune responses that were effective in maintaining
plasma viral loads at undetectable levels. This is in contrast to
HAART-naive chronically HIV-1-infected patients with high
plasma viral loads and CD4" T-cell depletion in peripheral
blood and GALT. Thus, the maintenance of intestinal CD4" T
cells may reflect the ability of the host antiviral responses to
control viral infection and maintain the integrity of the muco-
sal immune system.

A substantial delay in CD4™ T-cell restoration was seen in
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FIG. 5. Initiation of HAART during primary HIV-1 infection results in near-complete restoration of CD4™ T cells in GALT. (A) Time line,
plasma viral loads, and absolute CD4" T-cell numbers in peripheral blood of patient 116 during early HIV-1 infection and following the initiation
of HAART. m, viral RNA copies; ®, CD4 " cells. (B) Alterations in percentages of CD4", CD4*CDS8™, and CD8" T cells in longitudinal jejunal
biopsy samples and peripheral blood samples of patient 116, prior to and following HAART. —, HIV-1 seronegative; +, plasma HIV-1 RNA

positive.

GALT of HIV-1-infected patients who initiated HAART dur-
ing either primary HIV-1 infection or chronic HIV-1 infection
despite undetectable plasma viral loads and increased periph-
eral blood CD4" T-cell numbers. One HIV-1-infected patient
showed incomplete CD4* T-cell restoration in GALT despite
receiving HAART for 5 years. In contrast, initiation of
HAART during primary HIV-1 infection led to near-complete
restoration of CD4™" T cells, as opposed to patients who initi-
ated HAART in later stages of HIV-1 infection. The function-
ality of the repopulating CD4™ T cells was not assayed in this
study. However, studies with the SIV model have indicated
that repopulating CD4 " T cells in GALT of animals initiating
antiviral therapy in later stages of infection were found to have
a reduced capacity to produce interleukin-2 compared to

CD4" T cells in uninfected animals (9). Our findings suggest
that the initiation of HAART during early stages of HIV-1
infection is more effective in restoring gut mucosal immune
system and may be reflective of a better immune recovery.
The mechanisms of intestinal CD4™ T-cell restoration fol-
lowing HAART involve primarily CD4" T-cell trafficking to
GALT from the periphery and not local cell proliferation.
Gene expression analysis provided evidence of increased ex-
pression of mediators associated with lymphocyte homing,
such as integrin 8,, CCR9, CCR7, CXCL10, CXCLI11, and
MAdCAM, as well as the chemoattractant molecules CCL19
and RANTES. While the expression of homing receptors was
upregulated, we speculate that increased CD4" T-cell traffick-
ing may not be sufficient to completely repopulate GALT.



11716 GUADALUPE ET AL.

B7 Integrin MFI (log)

Neg. Controls Patient #116 Patient #120 Patient #123

N
D
o

N

Q

o
1

150

100

CD4+ PBMC

200+

- -
o o
o o

1 1

CD4+ Gut Lymphocytes
w
o
i

o
1

130 131 132

4Mo.8MoJ14Mo. 3Mo.6Mo. 1YT.

Duration of HAART

2Mo.6Mo. 1Yr.

Patient #

FIG. 6. Increased expression of lymphocyte homing marker on re-
populating CD4" T cells in GALT following HAART. Flow-cytomet-
ric analysis of integrin B, expression was performed on CD4" T cells
in longitudinal jejunal and peripheral blood samples of three healthy
uninfected controls and three HIV-l-infected patients following
HAART.

Secondly, the CD4™ T cells homing to GALT may be readily
infected with HIV-1 and eliminated by cytopathic effect of
direct viral infection or by the virus-specific cytotoxic CD8" T
cells. Cell cycle dysregulation in CD4* T cells may also con-
tribute to the lack of local CD4" T-cell expansion. Another
mechanism may include dysregulation of cell cycle-associated
genes such as those for cyclin D3, the checkpoint suppressor
CHK-1, and retinoblastoma-1 in GALT, which can lead to a
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FIG. 7. DNA microarray analysis of gene expression profiles in
longitudinal jejunal biopsy samples of HIV-1-infected patients prior to
and following HAART. Red indicates increased gene expression com-
pared to five HIV-1-negative controls, green indicates decreased gene
expression, and grey indicates no change in the level of gene expres-
sion.
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block in G,-to-S phase transition, contributing to the lack of
local expansion (24).

We propose that the increased prevalence of CD8™ T cells
may lead to suppression of local CD4™" T-cell proliferation and
contribute to the delay in intestinal CD4™ T-cell restoration.
Studies in the mouse model have shown that staphylococcus
enterotoxin A-activated CD8" T cells suppressed the CD4™*
proliferative responses and induced CD4" T-cell apoptosis
through Fas/FasL (15). Thus, activated CD8" T cells have the
potential to mediate CD4" T-cell AICD. Additionally, in-
creased production of proinflammatory cytokines and chemo-
kines by CD8* T cells (11, 21) may compromise the gut mu-
cosal epithelial cell barrier integrity and digestive and
absorptive functions by causing injury to lymphoid and epithe-
lial cells, resulting in gastrointestinal disturbances commonly
observed in HIV-1-infected individuals.

In summary, our studies emphasize the importance of eval-
uation of the gut mucosal immune system in determining the
efficacy of HAART and gaining better insights into the funda-
mental mechanisms of HIV-1 pathogenesis. We demonstrated
that the CD4" T-cell subset in GALT is an early target of
HIV-1 infection. Initiation of HAART in early stages of infec-
tion was highly effective in restoring CD4" T cells in GALT,
and the mechanism of restoration was attributed to CD4™"
T-cell homing and not to local cell proliferation. The severity
of the initial CD4" T-cell depletion as well as the local impair-
ment of cell proliferation within the intestinal mucosa may play
a role in the delay of CD4™ T-cell restoration in GALT during
HAART. Our studies support the initiation of HAART early
in HIV-1 infection, which appears to result in more complete
restoration in the peripheral and gut mucosal immune systems.
Immune restoration of gut mucosa provides an excellent cor-
relate of effective antiviral immune responses and therapy.
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